Abstract. We validate Aura Microwave Limb Sounder (MLS) version 3 (v3) and version 4 (v4) retrievals of summertime temperature, water vapour and ozone in the upper troposphere and lower-middle stratosphere (UTLS; 10-316 hPa) against balloon soundings collected during the Study of Ozone, Aerosols and Radiation over the Tibetan Plateau (SOAR-TP). Mean v3 and v4 profiles of temperature, water vapour and ozone in this region during the measurement campaigns are almost identical through most of the stratosphere (10-68 hPa), but differ in several respects in the upper troposphere and tropopause 5 layer. Differences in v4 relative to v3 include slightly colder mean temperatures from 100-316 hPa, smaller mean water vapour mixing ratios in the upper troposphere (215-316 hPa), and a more vertically homogeneous profile of mean ozone mixing ratios below the climatological tropopause (100-316 hPa). These changes substantially improve agreement between ozonesondes and MLS ozone retrievals in the upper troposphere, but slightly worsen existing cold and dry biases in the upper troposphere.
Introduction
Variations in temperature, water vapour and ozone in the upper troposphere and lower-middle stratosphere (UTLS) play critical roles in the Earth's radiation budget (Manabe and Wetherald, 1967) , with important implications for climate change (Soden et al., 2008; Solomon et al., 2010; Dessler et al., 2013) . Accurate observations of these variables at UTLS altitudes are difficult to obtain. Instruments mounted on balloon sondes and aircraft can be used to collect measurements with high resolution along 5 specific flight tracks, but suffer from limited spatial and temporal coverage. Reanalyses and other data assimilation systems provide global coverage at frequent intervals, but are heavily influenced by the underlying numerical model and often do not assimilate observations of ozone or stratospheric water vapour. Satellite observations occupy something of a middle ground between these, with improved spatial and temporal coverage relative to sonde and aircraft measurements (at the expense of spatiotemporal resolution) and improved fidelity to the state of the atmosphere relative to reanalyses (at the expense of During flight, the CFH and ECC data streams were transmitted to receiving equipment on the ground through interfaces for the RS80 (Tengchong and Naqu), InterMet (Lhasa and Linzhi) and RS92 (Naqu, Lhasa and Linzhi; ECC only) radiosondes.
These data were stored together with profiles of pressure, temperature and other variables observed by the radiosonde instrument. The payloads weighed approximately 1 kg and were flown using 1600 g latex balloons filled with hydrogen. Although only ascending data are analyzed here, each balloon was equipped with a parachute to enable the potential use of data collected 5 during descent and recovery of the instrument package.
Aura MLS temperature, water vapour and ozone retrievals
Versions 3 and 4 of the MLS retrieval algorithm have been used to process the third and fourth public releases of MLS data, respectively (henceforth referred to as v3 and v4). Both versions of the data consist of profiles reported on 12 pressure levels per decade between 1000 hPa and 1 hPa, 6 pressure levels per decade between 1 hPa and 0.1 hPa, and 3 pressure levels per decade 10 between 0.1 hPa and 0.01 hPa. The MLS measurement system uses optimal estimation theory (Rodgers, 2000) to retrieve an atmospheric state vector (Livesey et al., 2013 (Livesey et al., , 2015 . Temperature profiles are retrieved using radiances near the O 2 spectral bands at 118 GHz (for the stratosphere and above) and 239 GHz (for the troposphere), water vapour profiles are retrieved using radiances at 190 GHz and ozone profiles are retrieved using radiances at 240 GHz. The atmospheric state vector produced by the full retrieval algorithm contains estimates of temperature, water vapour and ozone at 55 pressure levels (as well as other 15 variables that are not considered here). The profiles used in this validation analysis have been screened using the quality control criteria suggested by Livesey et al. (2013) for v3 and Livesey et al. (2015) for v4 (reproduced in Appendix A). We validate MLS profiles of water vapour, temperature and ozone at the 19 standard MLS pressure levels between 316 hPa and 10 hPa (see Fig. 2 ). Although MLS retrievals of temperature and ozone at pressures greater than 261 hPa are currently not recommended for use in scientific studies, we evaluate and briefly discuss the performance of retrievals of both variables at 316 hPa.
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Uncertainties in MLS measurements are estimated by combining the precisions of the radiance observations with uncertainties in the a priori estimates as described by Rodgers (1976) . These uncertainty estimates represent the diagonal elements of the solution covariance matrix, and are provided for each profile in the MLS Level 2 data files. Positive values of precision in MLS products indicate that retrievals depend mainly on observed radiances rather than a priori estimates (precisions are explicitly set negative by the software to flag retrievals that are significantly affected by their a priori estimates). The root-25 mean-square (RMS) precision of individual MLS temperature profiles over this region (see domain outlined in Fig. 1 ) during the four measurement campaigns was 0.5-1.3 K in v3 and 0.5-1.0 K in v4 for the 19 pressure levels included in this validation.
The corresponding RMS precision of individual water vapour volume mixing ratio profiles was 4-39% in v3 and 4-8% in v4, and the RMS precision of individual ozone volume mixing ratio profiles between 10 and 261 hPa was 1-124% in v3 (100% at 316 hPa) and 1-28% in v4 (490% at 316 hPa). In most cases, MLS precisions are fairly constant in mixing ratio space.
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Fractional precisions will therefore vary substantially for species with abundances that cover a large range (including water vapour and ozone). Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2015 -399, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 18 January 2016 c Author(s) 2016. CC-BY 3.0 License. on these two versions of MLS data are small, particularly at stratospheric pressure levels (10-68 hPa). Mean temperatures in the upper troposphere (100-316 hPa) are colder in v4 than in v3 by 0.24-0.82 K (all differences are significant when both measurement and statistical uncertainty are accounted for). The mean v4 temperature profile is also colder than v3 at 31-38 hPa (by approximately 0.2 K) and warmer than v3 at 56 hPa (0.23±0.13 K) and 10 hPa (0.16±0.12 K). Mean water vapour mixing ratios in the upper troposphere (215-316 hPa) are smaller in v4 than in v3 (with a maximum relative bias of −29±5% 5 at 316 hPa), but slightly larger in v4 than in v3 at 147 hPa (11±3%). Differences in the remainder of the profile are within ±3%. The most significant change in ozone is a reduction in vertical gradients in the upper troposphere and lower tropopause layer (100-316 hPa) in v4 relative to v3. This vertical homogenization results in better qualitative agreement with the vertical structure of mean ozonesonde profiles from independent observations over Lhasa and Kunming during boreal summer (Bian et al., 2012) , and includes decreases of approximately 5-16% in mean ozone mixing ratios in the tropopause layer (83-147 hPa) 10 and in the lower part of the upper troposphere (-10±3% at 261 hPa and -27±4% at 316 hPa). The mean profiles shown in Fig. 2 are based on slightly different samples due to differences in the retrieval algorithm and quality control criteria. Specifically, v4 provides increased data yields in this region relative to v3 (10% more temperature profiles, 32% more water vapour profiles and 29% more ozone profiles). Relative differences between v3 and v4 are effectively unchanged when the comparison is limited to retrievals that meet quality control criteria in both v3 and v4. 
Validation methodology
Differences between sonde measurements and MLS retrievals can arise from several factors, including differences in vertical resolution or interpolation techniques, measurement errors in the sonde and MLS profiles, spatiotemporal inhomogeneities due to synoptic variability, and smoothing associated with the horizontal extent of the MLS footprint. The estimated response time of the CFH and ECC instruments are both on the order of 10 s to one minute. At typical ascent rates of 5-7 m s −1 , this 20 corresponds to a vertical resolution of 50-400 m. By contrast, the vertical resolution of MLS profiles is on the order of a few kilometres (3.6-5.0 km for temperature, 2.0-3.7 km for water vapour and ∼2.5 km for ozone). The radiosonde profiles must therefore be resampled to match the lower vertical resolution of the MLS profiles. Here, we resample the radiosonde profiles of temperature, water vapour and ozone by applying the MLS forward model smoothing operator and appropriate averaging kernels (Read et al., 2006; Livesey et al., 2013 Livesey et al., , 2015 . This approach to resampling the sonde profiles at MLS resolution differs 25 notably from the linear interpolation method used by Yan et al. (2015) .
First, the resolution of the observed in situ profile is degraded to the resolution of the MLS product using the equation
where X s is the sonde profile at its original resolution, η T ηη T −1 is the forward model smoothing operator (with η dependent on the sonde and MLS pressure profiles as described by Read et al., 2006) andX s is the sonde profile sampled at MLS resolution. The reduced-resolution sonde profile is then convolved with the averaging kernel using the equation
where X ap is the a priori profile for collocated retrieval and A is the averaging kernel. The resulting profileX s is appropriate 5 for direct comparison with the collocated MLS profile. Forward smoothing and convolution of water vapour profiles are done using the logarithm of water vapour volume mixing ratio as recommended by Read et al. (2007) , while forward smoothing and convolution of temperature and ozone profiles are done using temperature and ozone volume mixing ratio directly (see also If not, then we extend the time window to ±12 h and repeat the process. This two-step selection process allows us to preferentially select retrievals from orbits that are close in time to the in situ measurements, limiting spurious effects caused by sampling different parts of the diurnal cycle (although sensitivity analysis indicates that these effects are small) while maximizing the validation sample size. Our conclusions are qualitatively robust to reasonable changes in these criteria: 20 sensitivity to choices of smaller distance or time thresholds is mainly limited to data yields, with no major changes in bias statistics. Application of the combined collocation and quality control criteria eliminates only two ozone profiles from the analysis, and those two profiles are eliminated only from the v3 validation (both profiles are successfully matched to valid v4 ozone retrievals). The vast majority of profiles are matched within ±6 h (76-85%, depending on the variable and data version), with a mean time difference for all matched profiles of approximately 3.5 h. Distances between the launch site and the nominal 25 center of the matched MLS footprint range from 37 km to 983 km, with a mean of approximately 500 km.
We report temperature biases as absolute differences in Kelvins; however, we report biases in water vapour and ozone mixing ratios as relative differences. The use of relative differences for water vapour and ozone accounts for variations of 2-3 orders of magnitude in typical concentrations of these species within the upper troposphere and lower-middle stratosphere, and facilitates comparison with previous validation studies. We include a brief summary of absolute ozone biases for context,
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as many of the sources of error for MLS ozone retrievals act on absolute mixing ratios rather than relative mixing ratios.
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Relative differences are defined with respect to the sonde measurement, and are calculated using the equation
where X M (p) is the MLS retrieval at a given pressure level andX s (p) is the sonde measurement convolved to that level using Eqns. 1-2. We report three bias statistics at each level for each variable: the arithmetic mean bias, the median bias and the root-mean-square (RMS) bias. The range of biases at each level is indicated by twice the standard error of the mean bias (an 5 approximate 95% confidence interval around the mean) and the interquartile range (which spans the middle 50% of biases at each level). For water vapour and ozone, non-robust statistical measures (mean, standard error and RMS) are calculated using absolute differences and then normalized by the mean of the convolved sonde observations at each level. Application of the forward smoothing function and the v3 or v4 averaging kernel eliminates much of the fine structure in the radiosonde profile, but the resulting low-resolution profiles are consistent with the vertical structure of the in situ measure-15 ments at kilometre scales. Both v3 and v4 MLS retrievals are colder than the RS92 measurements in the middle stratosphere (10-32 hPa) and in the lower stratosphere and tropopause layer (56-100 hPa), while the v4 retrieval is substantially colder than both RS92 measurements and the MLS v3 retrieval in the upper troposphere . Differences between v3 biases and v4 biases are due in part to differences in the MLS retrievals and in part to differences in the RS92 profile convolved to MLS pressure levels. Both of these factors potentially reflect changes in the averaging kernel and the a priori profile (see tion 2.3), while the former also reflects changes in how the retrieval algorithm processes the observed radiances. The following discussion is based on a statistical analysis of 82 profiles, including the profile shown in Fig. 3 . In addition to RS80 and RS92 radiosondes, 18 InterMet (IMet) radiosondes were launched at Lhasa (7) and Linzhi (11).
Results

Temperature
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All but one of the IMet radiosondes were launched together with an RS92 radiosonde, allowing for a comparative evaluation of MLS temperature biases relative to the two sets of radiosonde profiles. Figure 5 shows mean and RMS temperature biases relative to collocated IMet and RS92 radiosondes, with sample sizes ranging from 10 samples (10-12 hPa) to 17 samples (32-316 hPa). The two bias estimates are qualitatively identical; the only notable difference is that the magnitudes of mean and RMS biases relative to IMet are slightly larger than the magnitudes of mean and RMS biases relative to RS92 in the tropopause 15 layer (68-100 hPa) for both v3 and v4 (note that this difference is consistent with the ∼0.5 K magnitude of previously-reported biases between IMet and RS92 temperature measurements over California, but is opposite in sign and less persistent in altitude; Hurst et al., 2011) . The overall agreement between bias estimates relative to IMet and bias estimates relative to RS92 indicates that the temperature validation presented here is robust to the choice of radiosonde instrumentation. The large moist bias (70-80%) centered at 147 hPa may reflect weather-related horizontal gradients in water vapour in the upper troposphere and tropopause layer, which may be associated with horizontal variations in convective activity (current or previous) or radiatively-driven ascent. This spatial variability should average out at larger sample sizes, but its impact will still be reflected in the spread around the mean and median biases at these levels. We discuss this topic in more detail in Section 4.
Water vapour
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The large dry biases at 261 and 316 hPa reflect the impact of a sharp increase in the CFH water vapour measurements at approximately 320 hPa (not shown) on the values convolved to these two levels using Eqs. 1 and 2. sharply in v3 to approximately 100% at 261 hPa and 150% at 316 hPa, and to about 85% at both levels in v4. Slight increases in RMS bias through the tropopause layer and lower stratosphere (56-147 hPa) indicate that increased data yields in v4 (see 20 Section 2.2) may also slightly increase overall noise levels in this vertical range. Figure 8 shows profiles of ozone from ECC measurements and v3 and v4 MLS retrievals collected near Lhasa on 18 May 2012.
Ozone
These ozone profiles correspond to the temperature profiles shown in Fig. 3 and the water vapour profiles shown in Fig. 6 . The ozone profile based on ECC measurements convolved to MLS pressure levels using the v3 averaging kernels is almost identical
25
to that convolved to MLS pressure levels using the v4 averaging kernels, and both reduced-resolution profiles are consistent with the vertical structure of the underlying in situ measurements. By contrast, the v3 and v4 retrievals differ substantially from each other between 68 and 316 hPa, with biases of up to ±40% relative to the ECC measurements that often change sign between v3 and v4. One of the goals of the MLS v4 development was to reduce the degree of unrealistic vertical structure reported in v3 UTLS ozone profiles. This was accomplished by splitting the retrieval of ozone away from that of other species
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(notably, carbon monoxide and nitric acid) and neglecting channels that the retrievals were unable to fit accurately. datasets (Tegtmeier et al., 2013) , and may be regionally and/or seasonally specific. In particular, the proximity of the balloon launch sites to the center of the boreal summer lower stratospheric 'ozone valley' (Zhou et al., 1995; Tobo et al., 2008 ) may contribute to the large positive biases at 83 hPa. We discuss this feature further in Section 4.
The pressure-weighted mean bias in the stratosphere (10-56 hPa) is approximately the same (13±1%) in v3 and v4, while the pressure-weighted mean bias in the tropopause layer (68-147 hPa) has decreased substantially from v3 (27±5%) to v4 10 (12±4%). The pressure-weighted mean bias in the upper troposphere (178-261 hPa) has changed from slightly negative in v3 (−11±15%) to slightly positive in v4 (12±9%), and its vertical profile is much more consistent in v4 than in v3 (as with temperature, 316 hPa is omitted from this layer average as ozone retrievals at this level are not recommended for scientific use).
Median biases are similar to mean biases through most of the UTLS, with the exception of levels affected by large negative outliers (e.g., 12 hPa). The consistency between mean and median biases in the stratosphere indicates that high biases in MLS tropospheric ozone retrievals appears to be reduced in v4 relative to v3. These improvements are accompanied by a much more consistent mean bias profile below 121 hPa, with mean biases of approximately +10% throughout the upper troposphere, including at 316 hPa. Although ozone retrievals at 316 hPa are still not recommended for scientific use (Livesey et al., 2015) , our validation indicates that these retrievals are much improved in v4.
MLS ozone retrievals are performed with respect to volume mixing ratio (unlike water vapour retrievals, which are performed 25 with respect to the logarithm of volume mixing ratio). We therefore include a statistical evaluation of absolute biases in MLS v3 and v4 retrievals of ozone volume mixing ratio ( Fig. 10 ) for context. Like the relative bias profiles, the absolute bias profiles are dominated by the high biases in the stratosphere, although the largest absolute biases are located at higher altitudes (38 hPa and above) than the largest relative biases (83 hPa). Pressure-weighted mean biases in the stratosphere are 378±56 ppbv in v3
and 368±54 ppbv in v4, pressure-weighted mean biases in the tropopause layer are 53±9 ppbv in v3 and 35±8 ppbv in v4, and 30 pressure-weighted mean biases in the upper troposphere are −8±11 ppbv in v3 and 8±7 ppbv in v4. relative to nighttime retrievals (−0.2±1.2 K), but these data are not recommended for use in scientific studies. Convective activity over the southeastern Tibetan Plateau peaks in the late afternoon (Fujinami et al., 2005) , so that these differences may be caused by convective activity or cloud contamination that is undetected by the quality control criteria. However, they may also be attributable to systematic differences between the conditions over Linzhi in 2014 (where most of the sondes were launched at times corresponding to descending passes) and the other measurement sites in 2010-2012 (where most of the sondes were to the measurement sites, but more of the retrievals were located upgradient (43% at locations with higher time-mean ozone concentrations) than were located downgradient (22% at locations with lower time-mean ozone concentrations). The mean difference between the time-mean values at the upgradient sites and the time-mean values at the launch sites (+26%) was also more than double the mean difference between the time-mean values at the downgradient sites and the time-mean values at the launch sites (−12%). These results suggest that some portion of the high bias in MLS ozone at 83 hPa may be due to spatial 25 sampling biases.
To more fully evaluate the possibility that preferential spatial sampling produces a high bias in MLS ozone at 83 hPa, we interpolate time-mean gridded MLS profiles to each measurement site using bilinear interpolation (the results are virtually identical when higher-order interpolation schemes are used) and compare these profiles with mean in situ observations collected during the associated measurement campaign. The results are shown in Fig. 12 of information from the a priori profile into the retrieval, in particular through the smoothing constraints in the MLS retrieval algorithms, which favor profiles whose shape (characterized by the vertical second derivative) is closer to that of the a priori.
The MLS a priori profiles (which are taken from monthly zonal mean model output) begin to increase at a lower altitude with a more gradual vertical gradient in the tropopause layer than is typically observed over this region during the monsoon ( Fig. 13; see also Bian et al., 2012; Yan et al., 2015) . This hypothesis is provisionally supported by a significant reduction in biases 5 at 83 hPa calculated using observations made at Lhasa and Linzhi before monsoon onset (44±14% in v3; 26±15% in v4)
relative to during the monsoon (82±15% in v3; 78±12% in v4). Sensitivity testing has shown that MLS retrievals are largely insensitive to constant offsets in the a priori profiles; however, the impacts of shifting tropopause-related gradients and other sharp features vertically within the a priori profiles have not yet been examined.
Temperature within the Asian monsoon anticyclone is warm relative to the zonal mean in the upper troposphere and cold 10 relative to the zonal mean in the tropopause layer (Park et al., 2007) . A broad temperature maximum was located to the west of the measurement sites in the upper troposphere (178-261 hPa), but time-mean temperature contours above the measurement sites were approximately zonal at 147 hPa and above. Despite some regional differences, biases between time-mean temperature profiles interpolated to each measurement site and mean temperature profiles based on radiosonde observations at the corresponding measurement site (not shown) are comparable in both structure and magnitude to the mean and median biases 15 shown in Fig. 4 . The vertical structure of temperature biases before monsoon onset is similar to that during the monsoon; however, cold biases in the stratosphere are slightly enhanced (by ∼0.5-1 K) before monsoon onset relative to during the monsoon, while cold biases in the upper troposphere are slightly enhanced (by ∼1-1.5 K) during the monsoon relative to before monsoon onset. At 100-121 hPa, cold biases before the monsoon (−0.8±0.6 K in v3; −1.3±0.5 K in v4) are replaced by warm biases during the monsoon (0.9±0.6 K in v3; 0.7±0.6 K in v4). These quantitative changes in temperature bias oppose the changes 20 in temperature structure that accompany monsoon onset (warming in the upper troposphere and cooling near the tropopause), and indicate that MLS underestimates seasonal changes in UTLS temperature associated with the establishment of the Asian monsoon anticyclone.
The measurement sites are also located in the vicinity of sharp gradients in water vapour, with a broad maximum in the upper troposphere and tropopause layer that transitions to an approximately south-north gradient in the stratosphere. The maximum 25 in the upper troposphere is generally centered over the Bay of Bengal, south of the measurement sites, while the maximum in the tropopause layer is centered over the south slope of the Tibetan Plateau, almost directly above the measurement sites.
Comparison of mean CFH profiles and time-mean MLS profiles interpolated to each measurement site (not shown) reveals regional variability, but no systematic differences relative to the mean bias profile shown in Fig. 7 . The combined regional biases are similar to the mean and median bias profiles discussed in Section 3. vapour biases before monsoon onset relative to during the monsoon.
MLS v3 temperature and ozone retrievals at 316 hPa are not recommended for scientific use due to excessive noise, large biases and insufficient validation (Livesey et al., 2013 (Livesey et al., , 2015 ; we now revisit these recommendations in the context of our results. The results of our validation analysis (Fig. 4) show a slight decrease in the mean (−2.9±1.1 K to −2.7±1.5 K) and median (−2.8 K to −1.8 K) temperature biases at 316 hPa in v4 relative to v3, although these changes are not statistically 10 significant. By contrast, there are strong indications that v4 temperature retrievals are noisier than v3 temperature retrievals at this level, as indicated by increases in the RMS bias (from 5.9 K to 7.5 K), the standard error of the mean bias (from 0.6 to 0.8 K) and the extent of the interquartile range around the median bias (from 6.2 K to 10.5 K). Users of v4 should continue to avoid the use of temperature retrievals at 316 hPa in scientific studies. Moreover, enhanced noise in v4 temperature retrievals (relative to v3) extends upward to 178 hPa, indicating that users of MLS retrievals of upper tropospheric temperature should 15 exercise care before using v4 (especially for studies of specific events). By contrast, our validation of MLS ozone retrievals (Fig. 9) shows a sharp reduction in the mean bias of ozone volume mixing ratio at 316 hPa in v4 (10±30%) relative to v3 (67±47%), along with reductions in RMS (from 204% in v3 to 128% in v4) and median (from 82% in v3 to 29% in v4)
biases. Although ozone retrievals at this level remain noisy and additional evaluation is still needed, our results indicate that v4
represents a substantial improvement in ozone retrievals at 316 hPa (and throughout the upper troposphere) relative to v3.
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Yan et al. (2015) presented a preliminary validation of MLS v2 and v3 water vapour and ozone retrievals using many of the soundings collected at Tengchong, Naqu and Lhasa. Our methodology differs from theirs in several respects, most notably in the approach used for convolving the sonde profiles to MLS levels (where we use the MLS averaging kernels and forward smoothing function as opposed to linear interpolation) and in the criteria used to select coincident MLS retrievals for validation.
Moreover, the inclusion of additional soundings (particularly those collected at around midnight local time over Linzhi) sub-25 stantially reduces uncertainty windows around the mean and median biases and allows for a more comprehensive validation of retrievals collected during both ascending and descending satellite overpasses. The key features of the water vapour and ozone bias profiles are robust despite these differences in methodology, particularly the high biases in lower stratospheric ozone.
Summary and outlook
Aura MLS v3 and v4 retrievals of temperature, water vapour and ozone provide valuable information about the thermal struc-30 ture and composition of the upper troposphere and stratosphere in the Asian monsoon anticyclone. We have presented a validation of these data in the UTLS (10-316 hPa) using in situ measurements collected using balloon-borne instruments over the Tibetan Plateau (Naqu, Lhasa and Linzhi) and adjacent regions (Tengchong, Yunnan) during four recent summers. Temperature biases are largely similar between v3 and v4, with slightly smaller cold biases in v4 in the tropopause layer (68-147 hPa) and lower-middle stratosphere (10-56 hPa), but slightly larger cold biases in v4 in the upper troposphere (178-261 hPa). Vertical oscillations in the temperature bias profile that have existed since the initial public release (Schwartz et al., 2008 ) persist in v4. Retrievals at 316 hPa remain unsuitable for use in scientific studies, while increased variance in v4 throughout the upper troposphere (178-261 hPa) may create issues for studies focused on individual events or using small sample sizes. and 316 hPa, which includes decreases in ozone mixing ratios in the tropopause layer (83-147 hPa) and in the lower part of the upper troposphere (261-316 hPa). Despite these improvements, MLS ozone retrievals are biased high relative to ECC 25 measurements through most of the stratosphere (18-83 hPa) and biased low relative to ECC measurements at 100 hPa. The bias profile contains a pronounced peak of about +70% at 83 hPa, which is not seen in biases relative to measurements made at most other ozonesonde sites (Jiang et al., 2007) or retrievals made by other satellites (Tegtmeier et al., 2013) , and may therefore be specific to ozone retrievals in the vicinity of the Asian monsoon anticyclone. Detailed analysis indicates that this bias is unlikely to result from preferential sampling of higher ozone mixing ratios upgradient from the nearby 'ozone valley'.
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We propose that this persistent high bias may instead propagate into the retrieval via smoothing towards the a priori profile, which does not adequately represent the very sharp vertical gradient in ozone concentrations near the tropopause over this region.
Overall, our validation indicates that v4 represents an improvement on v3. This improvement is particularly apparent for ozone, but is also manifest in increased data yields and small improvements in the bias profiles for temperature (at 147 hPa and above) and water vapour. Temperature retrievals in the upper troposphere (178-261 hPa) are more problematic, as v4 shows a larger cold bias and larger variance than v3 at these levels. Several features of this validation differ from previously published estimates of global and tropical biases in MLS retrievals, including the structure and magnitude of high biases in ozone through much of the stratosphere (which are substantially larger than previous estimates, particularly at 68-83 hPa Jiang et al., 2007; Tegtmeier et al., 2013) and the magnitude of dry biases in the upper troposphere (which are slightly larger and more vertically 5 homogeneous than previous estimates; Read et al., 2007; Hegglin et al., 2013) . These results will help to facilitate future studies of the thermal structure and composition of the UTLS in the Asian monsoon anticyclone, and will contribute to future improvements in the MLS retrieval algorithm and data products in this critical region of the atmosphere.
Appendix A: Quality control criteria
In addition to the collocation criteria (within 1000 km and ±12 h), we have selected only high-quality MLS retrievals for We slightly modify their recommendations to ensure that all profiles selected for comparison are valid throughout the 316-10 hPa vertical range. These modifications result in more restrictive criteria, at the potential cost of selecting retrievals that are farther from the balloonsonde launch site than the closest viable retrieval at some levels. The quality control criteria we use are reproduced below for convenience; readers requiring further details should refer to Livesey et al. (2013) or Livesey et al.
15
(2015).
A1 Temperature
For v3 temperature, the Convergence flag must be less than 1.2; the Quality flag must be greater than 0.65; the Status flag must be even; the fifth ("low cloud") bit of the Status flag must not be set for either of the following two retrievals in the orbit; and L2gpPrecision must be positive at all levels between 316 and 10 hPa.
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For v4 temperature, the Convergence flag must be less than 1.03; the Quality flag must be greater than 0.9; the Status flag must be even; the MLS-retrieved ice water content (IWC) at 215 hPa must be less than 0.005 mg m −3
; and L2gpPrecision must be positive at all levels between 316 and 10 hPa, and must be less than or equal to 0.7 at 261 hPa and 0.825 at 215 hPa.
A2 Water vapour
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For v3 water vapour, the Convergence flag must be less than 2.0; the Quality flag must be greater than 1.3; the Status flag must be even; the fourth ("high cloud") and fifth ("low cloud") bits of the Status flag must not be set; and L2gpPrecision
must be positive at all levels between 316 and 10 hPa.
For v4 water vapour, the Convergence flag must be less than 2.0; the Quality flag must be greater than 1.45; the Status flag must be even; and L2gpPrecision must be positive at all levels between 316 and 10 hPa. 
A3 Ozone
For v3 ozone, the Convergence flag must be less than 1.18; the Quality flag must be greater than 0.6; the Status flag must be even; L2gpPrecision must be positive at all levels between 316 and 10 hPa; and L2gpValue must be greater than
at 316 hPa and greater than −0.15 × 10 −6
at all other levels. Occasional negative values in the ozone retrievals are caused by low signal-to-noise ratios (likely due to low ozone mixing ratios in the troposphere). The inclusion of these 5 negative values is necessary to avoid high biases in measures of the statistical center and low biases in measures of statistical spread (Livesey et al., 2015) .
For v4 ozone, the Convergence flag must be less than 1.03; the Quality flag must be greater than 1.0; the Status flag must be even; and L2gpPrecision must be positive at all levels between 316 and 10 hPa. observations inferred from the Aura-MLS and reanalysis data, Clim. Dyn., 43, 407-420, doi:10.1007 /s00382-014-2085 -9, 2014 Vömel, H., Barnes, J. E., Forno, R. N., Fujiwara, M., Hasebe, F., Iwasaki, S., Kivi, R., Komala, N., Kyrö, E., Leblanc, T., Morel, B., Ogino, a Listed quantities are temperature profiles collected using Vaisala RS80 and RS92 instruments. Eighteen temperature profiles were also collected using InterMet (IMet) instruments at Lhasa (7) and Linzhi (11). (b) Figure 6 . As in Fig. 3 , but for CFH, MLS v3 and MLS v4 profiles of water vapour volume mixing ratio. The mean and RMS biases (and associated uncertainties) are calculated from absolute differences and then normalized relative to the mean CFH-derived mixing ratio at each level. The median bias and IQR are calculated using relative differences from each validation profile.
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Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2015 Discuss., doi:10.5194/amt- -399, 2016 (b) Figure 8 . As in Fig. 3 , but for ECC, MLS v3 and MLS v4 profiles of ozone volume mixing ratio. 
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